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(57) Abstract: A microelectomechanical switch (600) 
is disclosed comprising a conductor (104), a dielectric 
layer (108) disposed on the conductor, a metal cap 
(110) disposed on the dielectric layer and a bridge 
(102) disposed proximate to the metal cap such that an 
electrical potential applied between the bridge (102) 
and conductor (104) causes the bridge (102) to deform 
and contact the metal cap (1 10). 
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CAPACITIVE MICROELECTROMECHANICAL SWITCHES 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application claims priority under 35 U.S.C. § 1 19(e) to United States Provisional 
Patent Application No. 60/215,369, filed June 28, 2000, by Robert A. York, Amit Nagra and 
5 Andrea Borgioli, and entitled "IMPROVED CAPACITIVE 

MICROELECTROMECHANICAL SWITCHES," which application is incorporated by 
reference herein. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 
10 DEVELOPMENT 

This invention was made with Government support under Grant No. DABT63-98-1- 
0006 and F19628-99-C-0017, awarded by the Navy and the Defense Advanced Research 
Project Agency. The Government has certain rights in this invention. 

15 BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates to microelectromechanical switches and particularly to 
capacitive microelectromechanical switches. 

20 2. Description of the Related Art 

(Note: This application references a number of different publications as indicated 
throughout the specification by reference numbers enclosed in brackets, e.g., [Ref. x]. A list 
of these different publications ordered according to these reference numbers can be found 
below at the end of the Detailed Description of the Preferred Embodiment. Each of these 

25 publications is incorporated by reference herein.) 

Microelectromechanical (MEMS) switches rival the performance of conventional 
solid-state switching devices, such as positive-intrinsic-negative (PIN) semiconductor diodes 
and gallium arsenide field effect transistors (GaAs FETs), but at lower costs. In addition, one 
advantage of using MEMS is their very low additional transmission line loss and distortion. 
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MEMS switches are micromechanical switches where the active element is a thin 
metallic membrane movable through the application of a direct current (DC) electrostatic 
field. These devices have been developed to perform switching of electrical signals with 
high performance. Currently they are an established technology with great promise for 
5 reducing cost and improving performance in certain microwave and millimeter-wave 
applications. 

MEMS switches were first demonstrated in 1979 [Ref. 1] as electrostatically actuated 
cantilever structures used to perform switching of electrical signals at low frequency. Since 
then, these switches have demonstrated useful performance at RF and microwave frequencies 

10 using cantilever [Ref. 2], rotary [Ref. 3], and membrane [Ref. 4] topologies. Over the past 
years, the development of radio frequency (RF) MEMS switches with capacitive coupling 
has been reported by several researchers [Ref. 5-15]. 

Such capacitive MEMS switches may be implemented using a dielectric layer to 
effect capacitive coupling when the switch is in the closed position. A crucial factor for the 

1 5 performance of a MEMS switch is the quality of the effective contact of the upper membrane 
or bridge with the bottom electrode when actuated. It is easy to understand that an imperfect 
effective contact creates non-predictable electrical behaviors, especially in the value of the 
achievable closed state capacitance of the switch. Low insertion loss performance can also 
be seriously deteriorated by a 'non-intimate' contact between the two electrodes. There are 

20 several factors that limit the contact. One cause is an air gap created by hillocking in the 
metal films. Hillocking is a stress relief mechanism that occurs when a metallic thin film is 
exposed to high temperature. It is often difficult to avoid the formation of roughness on the 
film and to obtain a perfectly smooth surface [Ref. 16]. 

There is a need for improved effective contact quality between the bridge and 

25 conductor in MEMS switches. There is also a need to create stable and predictable behavior 
in MEMS switch capacitance to improve performance, particularly in the closed state. There 
is further a need to minimize the negative effects of hillocking on MEMS switch electrodes. 
The present invention meets these needs. 
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SUMMARY OF THE INVENTION 

The present invention offers the potential for building a new generation of low-loss 
high-linearity microwave circuits for a variety of radar and communication applications. A 
microelectromechanical switch is disclosed comprising a conductor, a dielectric layer 
disposed on the conductor, a metal cap disposed on the dielectric layer and a bridge disposed 
proximate to the metal cap such that an electrical potential applied between the bridge and 
conductor causes the bridge to deform and contact the metal cap. 

The metal cap presents a stable, controlled surface proximate to the conductor which 
is used to precisely control the MEMS switch capacitance in the closed or DOWN state. In 
the DOWN state, the bridge contacts the metal cap and the metal cap principally defines the 
effective contact between the bridge and conductor. Thus, the present invention creates a 
greatly improved effective contact between the bridge and conductor through an intervening 
stable and controllable metal cap. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Referring now to the drawings in which like reference numbers represent 
corresponding parts throughout: 

FIGS. 1 A and IB illustrate a MEMS membrane configuration; 

FIGS. 2A and 2B illustrate a MEMS cantilever configuration; 

FIGS. 3A and 3B illustrate an embodiment in a membrane configuration 300; 

FIGS. 4A and 4B illustrate an embodiment in cantilever configuration 400; 

FIG. 5 is a detailed image of an embodiment of the invention; 

FIGS. 6A and 6B depict a variation of the invention using a 'notch' configuration 
600; and 

FIG. 7 is a flow chart of a method of producing a microelectromechanical switch of 
the present invention. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 
In the following description, reference is made to the accompanying drawings which 
form a part hereof, and which show, by way of illustration, a preferred embodiment of the 
present invention. It is understood that other embodiments may be utilized and structural . 
5 changes may be made without departing from the scope of the present invention. 
Technical description 

FIGS. 1A-2B depict some typical structures of MEMS switching devices. FIGS. 1 A 
and IB illustrate a MEMS membrane configuration 100. FIGS. 2A and 2B illustrate a 
MEMS cantilever configuration 200. Regardless of the configuration, the basic principle 
1 0 consists of a thin metal bridge 1 02 of thickness t suspended at a short distance g above a 

conductor 104, the device typically being formed on a substrate 106. When a DC potential is 
applied between the bridge 102 and the conductor 104, charges are induced on the bridge 102 
and conductor 104 which tend to attract the two elements 102, 104. Above a certain 
threshold voltage, the force of attraction is sufficient to overcome mechanical stresses in the 
15 bridge 102 material, and the bridge 102 snaps down to the "closed" position as shown in 
FIGS IB and 2B. It can be shown through simple force-balance laws that the "pull-down" 
voltage V p for the MEMS switch 100, 200 is given by: 



where * 0 is the free-space permittivity, g 0 is the bridge 102 height at zero bias, w is the 

center conductor 104 width, and K s is a "spring" constant that is related to the Young's 

modulus and Poisson's ratio of the bridge 102 metal, and residual stresses in the bridge 102 
switch body. 



prevent the stiction with the upper bridge 102. This creates a capacitive coupling and, in 
most applications, the value of the capacitance in the DOWN state, i.e. with the bridge 102 
electrode pulled down, is such that the switch creates a short circuit at a predetermined 
frequency. In order to generate an effective short circuit at a certain frequency it is crucial 




(1) 



A thin dielectric layer 108 of material is deposited on the bottom conductor 104 to 
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that the value of the capacitance of the switch in the DOWN state is large enough for the 
operating frequency. For a lower operating frequency, a larger value of DOWN state 
capacitance is required for an effective short circuit. 

Nevertheless, a critical parameter to be carefully considered in the design is the ratio 
5 between the value of the capacitance in the DOWN state and the value of the capacitance in 
the UP state, i.e. with the bridge 102 electrode up. The higher this ratio is, the more the 
switch can discriminate the DOWN state from the UP state. It is worthwhile to notice that 
simply scaling the size of the MEMS switches would not be a viable alternative for achieving 
high capacitive ratios because it would increase the value of both the DOWN and UP 

10 capacitances in the same proportion. In addition, this possibility is limited by practical 
considerations; a very large suspended bridge 102 is more likely to have structural non- 
uniformities; the parasitic effects will also become more important. The height g of the metal 
bridge 102 above the central conductor 104 and the dielectric layer 108 coating the central 
conductor 104 are instead essential in determining the DOWN/UP capacitance ratio. 

1 5 High values of capacitance ratios may be achieved (e.g. see FIGS. 1 A-2B) through a 

few techniques, a) increasing the height g of the metal bridge 102 above the central 
conductor 104, b) reducing the thickness d of the dielectric layer 108 coating the bottom 
conductor 104, or c) increasing the dielectric constant e r of the dielectric layer 108 coating 
the bottom conductor 104. Each of these techniques, however, is less than ideal. 

20 Increasing the height of the metal bridge 102 above the central conductor 104 has an 

intrinsic drawback: the pull-down voltage is strongly dependent by the height g of the upper 
bridge 102 (see the formula for the actuation voltage above). The higher g, the higher is the 
voltage required. Most applications in wireless and/or space/airborne systems require low 
actuation voltages. In addition, keeping the height of the bridge 102 to the smallest possible 

25 value is recommended for better reliability. 

Similarly, reducing the thickness d of the dielectric layer 108 coating the bottom 
conductor 104 can only be useful to a certain point. A thinner dielectric layer 108 has a 
lower breakdown voltage. Typically, less than 1000 Angstroms of Silicon Nitride, 
commonly used as coating dielectric for MEMS structures, would approach the limit of a 

30 viable and practical choice. 
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Finally, increasing the dielectric constant s r of the dielectric layer 108 coating the 
bottom electrode entails practical difficulties inherent to the growth of such material. High 
dielectric materials (such as Barium Strontium Titanate) are often difficult to deposit, 
requiring high growth temperatures, and they have relatively high dielectric losses. Typical 
5 dielectric materials employed up to today are Silicon Nitride (Si x N y ) and Silicon Dioxide 
(Si0 2 ). The present invention employs an alternative to these options to obtain an increased 
DOWN/UP capacitance ratio and improve MEMS switch performance. 

FIGS 3A-4B illustrate some typical embodiments of the present invention. FIGS. 
3A-3B illustrate an embodiment in a membrane configuration 300. FIGS. 4A-4B illustrate 

1 0 an embodiment in cantilever configuration 400. In the present invention, an extra metal cap 
1 10 layer is added on top of the dielectric layer 108. (See FIGS. 3-5). Since the metal to 
form the metal cap 1 10 can be evaporated and patterned directly onto the dielectric layer 108 
material, intimate contact is assured. With this novel configuration, when the upper bridge 
102 snaps down, it creates an electrical contact with this extra metal cap 1 10 layer and not 

1 5 with the dielectric layer 1 08 film. 

FIG. 5 is a detailed image of an embodiment of the invention. This feature of the 
present invention offers several advantages. The roughness of the upper surface of the 
dielectric layer 108 is not a critical factor any longer, because the contact is guaranteed to be 
nearly perfect by the evaporated metal cap 1 10 layer. In addition, since the value of the 

20 DOWN state capacitance is now determined by the area of the metal cap 1 10, the size of the 
bridge 1 02 does not affect the DOWN state capacitance any longer. Therefore, the design of 
the bridge 102 may be optimized for the UP state independently of the DOWN state, unlike 
the traditional design (compare FIGS. 1 and 2 with 3 and 4). Moreover, the dielectric layer 
108 film can now be grown much thicker, because the value of the final DOWN state 

25 capacitance can be increased by extending the area of the metal cap 110. The extended area 
1 12 of the metal cap 1 10 beyond the area 1 14 of the bridge 102 is shown in FIG. 2. A 
thicker dielectric layer 108 film means a higher break-down voltage and therefore a much 
more reliable device. Improved designs of MEMS switches with the present invention open 
extraordinary potential for better performance for low-loss, microwave and millimeter-wave 

30 control circuits. 
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FIGS. 6A and 6B depict a variation in practicing the invention using a 'notch' 
configuration 600. FIG. 6A illustrates the switch in the UP state and FIG. 6B illustrates the 
switch in the DOWN state. In this embodiment a notch 1 16 is disposed on the metal cap 
1 lO.This 'notch-cap' configuration reduces the swing necessary by the bridge 102 to create 
5 an electrical contact with the bottom electrode, still maintaining the advantages described 
above due to the presence of the extra metal cap 1 10 layer. 

FIG. 7 is a flow chart of a method of producing a microelectromechanical switch of 
the present invention. A conductor 104 is formed on a substrate 106 at block 700. Following 
this, a dielectric layer 108 is disposed on the conductor 104 at block 702. Then, a metal cap 
10 1 10 is formed on the dielectric layer 108 at block 704. Finally, at block 706, a bridge 102 is 
disposed proximate to the metal cap 1 10 such that an electrical potential applied between the 
bridge 102 and the conductor 104 will cause the bridge 102 to deform and contact the metal 
cap 1 1 0. A device implementing the present invention may be formed using conventional 
techniques known to those skilled in the art. 

15 

CONCLUSION 

This concludes the description including the preferred embodiments of the present 
invention. Adding an extra cap layer to the typical fabrication process for MEMS switches 
presents an excellent potential for high performance, low-cost switching techniques for RF, 

20 microwave millimeter-wave control systems. The foregoing description of the preferred 
embodiment of the invention has been presented for the purposes of illustration and 
description. It is not intended to be exhaustive or to limit the invention to the precise form 
disclosed. Many modifications and variations are possible in light of the above teaching. 
It is intended that the scope of the invention be limited not by this detailed 

25 description, but rather by the claims appended hereto. The above specification, examples and 
data provide a complete description of the manufacture and use of the composition of the 
invention. Since many embodiments of the invention can be made without departing from 
the spirit and scope of the invention, the invention resides in the claims hereinafter appended. 
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CLAIMS 

WHAT IS CLAIMED IS: 



1 LA microelectromechanical switch, comprising: 

2 a conductor; 

3 a dielectric layer disposed on the conductor; 

4 a metal cap disposed on the dielectric layer; and 

5 a bridge disposed proximate to the metal cap such that an electrical potential applied 

6 between the bridge and conductor causes the bridge to deform and contact the metal cap. 

1 2. The microelectromechanical switch of claim 1, wherein the bridge is a 

2 cantilever. 

1 3 . The microelectromechanical switch of claim 1 , wherein the bridge is a 

2 membrane. 

1 4. The microelectromechanical switch of claim 1 3 wherein the dielectric layer 

2 creates capacitive coupling when the bridge is deformed to contact the metal cap to produce 

3 an effective short at a predetermined frequency. 

1 5. The microelectromechanical switch of claim 1, wherein the dielectric layer is 

2 thickened, thereby increasing a break-down voltage of the switch. 

1 6. The microelectromechanical switch of claim 1, wherein the metal cap is 

2 patterned directly onto the dielectric layer. 



1 7. The microelectromechanical switch of claim 1, wherein the metal cap has an 

2 extended area beyond an area of bridge. 

1 8. The microelectromechanical switch of claim 1, wherein a DOWN state 

2 capacitance is determined by the area of the metal cap. 

1 9. The microelectromechanical switch of claim 1, wherein the metal cap includes 

2 a notch proximate to the bridge. 
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1 10. The microelectromechanical switch of claim 9, wherein the bridge contacts 

2 the notch of the metal cap when deformed. 

1 1 1 . A method of producing a microelectromechanical switch, comprising the steps 

2 of: 

3 forming a conductor on a substrate; 

4 disposing a dielectric layer on the conductor; 

5 forming a metal cap on the dielectric layer; and 

6 disposing a bridge proximate to the metal cap such that an electrical potential applied 

7 between the bridge and conductor causes the bridge to deform and contact the metal cap. 

1 12. The method of claim 1 1 , wherein the bridge is a cantilever. 

1 13. The method of claim 1 1 , wherein the bridge is a membrane. 

1 1 4. The method of claim 1 1 , wherein the dielectric layer creates capacitive 

2 coupling when the bridge is deformed to contact the metal cap to produce an effective short 

3 at a predetermined frequency. 

1 15. The method of claim 1 1 , wherein the dielectric layer is thickened thereby 

2 increasing a break-down voltage of the switch. 

1 16. The method of claim 1 1 , wherein the metal cap is patterned directly onto the 

2 dielectric layer. 

1 17. The method of claim 1 1 , wherein the metal cap has an extended area beyond 

2 an area of bridge. 

1 18. The method of claim 1 1 , wherein a DOWN state capacitance is determined by 

2 the area of the metal cap. 

1 1 9. The method of claim 1 1 , wherein the metal cap includes a notch proximate to 

2 the bridge. 
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1 20. The method of claim 1 9, wherein the bridge contacts the notch of the metal 

2 cap when deformed. 
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Form a conductor on a substrate. 



Dispose a dielectric layer on the conductor. 



Form a metal cap on the dielectric layer. 



Dispose a bridge proximate to the metal cap such 
that an electrical potential applied between the 
bridge and conductor will cause the bridge to 
deform and contact the metal cap. 
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